Jack bean (Canavalia ensiformis) seeds contain several biologically important proteins among which α-mannosidase (EC 3.2.1.24) has been purified, its biochemical properties studied and widely used in glycan analysis. In the present study, we have used the purified enzyme and derived its amino acid sequence covering both the known subunits (molecular mass of 66,000 and 44,000 Da) hitherto not known in its entirety. Peptide de novo sequencing and structural elucidation of N-glycopeptides obtained either directly from proteolytic digestion or after zwitterionic hydrophilic interaction liquid chromatography solid phase extractionbased separation were performed by use of nanoelectrospray ionization quadrupole time-of-flight mass spectrometry and low-energy collision-induced dissociation experiments. De novo sequencing provided new insights into the disulfide linkage organization, intersection of subunits and complete N-glycan structures along with site specificities. The primary sequence suggests that the enzyme belongs to glycosyl hydrolase family 38 and the N-glycan sequence analysis revealed high-mannose oligosaccharides, which were found to be heterogeneous with varying number of hexoses viz, Man 8-9 GlcNAc 2 and Glc 1 Man 9 GlcNAc 2 in an evolutionarily conserved N-glycosylation site. This site with two proximal cysteines is present in all the acidic α-mannosidases reported so far in eukaryotes. Further, a truncated paucimannose type was identified to be lacking terminal two mannose, Man 1 (Xyl)GlcNAc 2 (Fuc).
Introduction α-Mannosidases hydrolyze terminal α-mannosidic linkages from glycan moieties of various glycoconjugates. In eukaryotes, they are involved in the processing and degradation of N-glycans by hydrolyzing the terminal α1-2-, α1-3-and α1-6-linked mannose residues from high-mannose, hybrid and complex type N-glycans present in glycoproteins (Daniel et al. 1994; Herscovics 1999) . α-Mannosidases are categorized into two classes based on inhibition and sequence similarity as Class I α-mannosidase of glycosyl hydrolase (GH) family 47 present in the endoplasmic reticulum (ER α-man) and the Golgi apparatus (GM I) that hydrolyze specifically α1-2-mannosidic linkages involved in maturation of N-glycans. They are specifically inhibited by kifunensine and 1-deoxymannojirimycin (Daniel et al. 1994; Herscovics 1999) . Another processing α-mannosidase present in Golgi bodies (GM II) hydrolyzes α1-3-and α1-6-mannosidic linkages and shows sequence similarity with lysosomal/acidic α-mannosidase, which is involved in the degradation of N-glycans. These are classified as Class II α-mannosidases of GH family 38 and are inhibited specifically by swainsonine (Daniel et al. 1994; Herscovics 1999) . Unlike GM II, lysosomal/acidic α-mannosidases have broad specificity toward cleavage for α1-2-, α1-3-and α1-6-mannosidic linkages. The absence of this lysosomal enzyme in humans and cattle leads to a genetic disorder called α-mannosidosis (Daniel et al. 1994) . In plants, the physiological role of the acidic α-mannosidase is still not clear and in recent findings silencing of α-mannosidase as well as β-N-acetyl hexosaminidase in tomato and capsicum delayed fruit ripening (Meli et al. 2010; Ghosh et al. 2011) .
Jack bean α-mannosidase (JBM) is a commercially available exo-glycosidase, widely used as a tool for glycan analysis that exhibits activity toward several different substrate, cleaving α1-2-, α1-3-and α1-6-linked mannose residues from various glycoprotein preparations (Li 1966) . It is a zinc metalloenzyme comprising two pairs of subunits of molecular mass (M r ) 66,000 and 44,000 Da, respectively (Li 1967; Snaith 1975) . The enzyme is initially synthesized as 110,000 Da precursor polypeptide which undergoes posttranslational cleavage and accumulates in protein storage vacuoles or protein bodies of bean cotyledons (Faye et al. 1988) . The larger subunit is glycosylated containing high-mannose type oligosaccharides that are-in part-terminally glucosylated and truncated paucimannose type N-glycans (comprising β1,2-xylose and α1,3-fucose within the pentasaccharide core), whereas the smaller subunit shows no glycosylation (Araki et al. 1994; Kimura et al. 1999 ).
Similar to other members of GH family 38, the JBM is a retaining enzyme (Howard et al. 1997 ) and like other Class II α-mannosidase is also inhibited by swainsonine (Kang and Elbein 1983) , which has undergone phase I clinical trial as an anticancer agent (Goss et al. 1997 ). Due to its properties similar to those of Golgi α-mannosidase II (an important therapeutic target), JBM serves as a model enzyme for structural and mechanistic studies for inhibitors (Popowycz et al. 2001; Fiaux et al. 2005) .
Even though JBM is commercially available and has been well characterized biochemically and widely used for sugar analysis of glycoconjugates for decades, neither the complete primary sequence nor structural details have been elucidated so far. In the present study, the primary sequence of both subunits was deduced by means of MS using the "bottom up" approach of analysis of peptides generated by various proteases. Furthermore, the disulfide linkages in both the subunits have been elucidated and the highly conserved N-glycosylation site bearing high-mannose oligosaccharide was identified.
Results

Primary sequence of JBM
De novo sequencing of peptides derived from proteolytic cleavages (in-gel or in-solution) with different proteases gave rise to 98% of the protein sequence of JBM that corresponds to 959 amino acids. Each amino acid has been determined from at least two independent proteolytic peptides and the resulting sequences of the two subunits are shown in Figure 1A . A homology search of the complete sequence using Blastp demonstrated that JBM is a member of GH family 38 with N-and C-terminal domains that are conserved ( Figure 1B ).
Disulfide linkage analysis
The determination of disulfide linkages was carried out according to Mormann et al. (2008) . Fragmentation of the triply charged precursor ions at m/z 890.02 ( Figure 2A ) derived from a tryptic digest of nonreduced α-mannosidase revealed an intrapeptide disulfide link in the peptide aa , thus indicating the S-S bridge C 800 -C 807 ( Figure 2B) . Similarly, the identification of the intrapeptide disulfide bonds C 422 -C 432 and C 442 -C 450 resulted from collision-induced dissociation (CID) experiments on the triply charged precursor ions at m/z 1085.50 (chymotryptic digest, aa ) and at m/z 972.72 (digest with thermolysin, aa , cf. Figure 1A ) obtained from nonreduced JBM. The cysteines C 47 and C 107 obviously harbor free sulfhydryl groups as could be proved by fragmentation of corresponding peptides derived from tryptic digests of nonreduced α-mannosidase (m/z 1184.56 +3 , aa ; m/z 939.68 +4 , aa ; cf. Figure 1A) .
Active site peptide analysis Fragmentation of the doubly charged precursor ion at m/z 710.01 derived from a chymotryptic digest revealed the sequence QIDPFGHSAVQGYaa [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] [155] (Supplementary data, Figure S1 ), which was previously identified as being the active site of JBM (Howard et al. 1998 , respectively, revealed the same sequence stretch confirming the presence of the aspartic acid.
The only resolved crystal structure of an acidic α-mannosidase has been reported for bovine lysosomal α-mannosidase (bLAM) (Heikinheimo et al. 2003 ) and the sequence alignment of JBM showed 41% amino acid identities, so all active site amino acids involved in catalysis and substrate binding were identified by aligning JBM with bLAM which is depicted in Figure 3 .
Subunit sequence determination
The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of JBM (Supplementary data, Figure S2 ) revealed two bands (larger and smaller subunit 66,000 and 44,000 Da, respectively) when heated in the presence of dithiothreitol (DTT), and the appearance of a single band at 110,000 Da without heating, as reported earlier (Einhoff et al. 1987) . The tryptic peptides obtained from the larger subunit covered amino acid sequences from the range aa 1-562 , whereas the smaller subunit revealed peptides out of the region aa (total 419 amino acids). This was further confirmed by digesting the single band 110,000 Da, which showed the presence of peptides originating from both subunits.
Fragmentation of doubly charged precursor ions at m/z 634.35 +2 derived from GluC digestion revealed the peptide sequence MKYNTGAGTVPE (aa 1-12 ), (Supplementary data, Figure S3 ) that corresponds to the N-terminal sequence of the larger JBM subunit (upon SDS-PAGE).
The chymotryptic peptide with amino acid sequence LSQKGETINIGPGDLKMSF (aa 563-581 ) was deduced from fragmentation of precursor ions at m/z 1018.27 +2 (Supplementary data, Figure S4 ) corresponding to N-terminus of the smaller subunit. Additionally, the tryptic peptide derived from in-gel digestion of the smaller subunit revealed the sequence GETINIGPDLK (aa [570] [571] [572] [573] [574] [575] [576] [577] [578] [579] [580] [581] ) confirming that it is indeed the N-terminus of the smaller subunit (data not shown).
N-glycopeptide analysis
The fragment ion spectrum of the triply charged N-glycopeptide precursor ions at m/z 1472.68 +3 derived from in-solution digestion by thermolysin demonstrates the presence of a highmannose type glycan (Man 8 GlcNAc 2 ) showing sequential loss of eight hexoses (mannoses) and two N-acetylhexosamines (N-acetylglucosamine (GlcNAc)) ( Figure 4A and B). The complete peptide sequence of the corresponding glycopeptide was, however, obtained only after endoglycosidase H treatment ( Figure 4C ) (aa ). In addition, two glycopeptides containing the same peptide moiety and the N 446 -linked glycans Man 9 GlcNAc 2 and Glc 1 Man 9 GlcNAc 2 , respectively, were detected (data not shown).
In another approach, N-glycopeptides derived from trypsin/ chymotrypsin double digestion followed by zwitterionic hydrophilic interaction liquid chromatography (ZIC-HILIC) enrichment give rise to intense signals for three precursor ions in the nanoESI mass spectrum (Supplementary data, Figure S5 ). The fragmentation of triply charged precursor ions at m/z 1448.50 +3 leads to sequential loss of 9 hexoses (mannoses) and two N-acetylhexosamines (GlcNAcs) (aa ) confirming a highmannose type glycan structure. Similarly, triply charged precursor ion at m/z 1756.96 +3 showed sequential elimination of 10 hexoses (most probably 1 glucose and 9 mannoses) and two N-acetylhexosamines (GlcNAcs) attached to the extended peptide sequence (aa ) resulting from a different cleavage site preferred by the proteases used (data not shown).
The N-glycopeptide carrying a truncated paucimannose glycan Man(Xyl)GlcNAc 2 (Fuc) at N 312 was observed in tryptic, chymotryptic and thermolysin digests (m/z 1101.2 +3 , m/z 1111.12 +3 and m/z 1227.1 +2 , respectively). Fragment ions attributed to losses of either a pentose (xylose) or a deoxyhexose (fucose) or both were observed. Prior to the liberation of the hexose, the pentose had to be cleaved off, since no loss with an increment of 162 Da starting from the precursor ion could be detected. This clearly demonstrates the linkage of the xylose to the mannose residue. Similarly, loss of the proximal N-acetylhexosamine (GlcNAc) leading to Y 0 arises exclusively subsequent to cleavage of the fucose, thus proving the expected core fucosylation. Almost complete b-and y-type ion series fragments derived from the peptide backbone allowed to deduce the amino acid sequence of the glycopeptide under inspection ( Figure 5 ). Additionally, peptides originating in the smaller subunit comprising a potential N-glycosylation site (N 867 ) which did not harbor any N-glycan moiety were identified in trypsin and chemical in-solution digests by fragmenting the precursor ions m/z 1097.08 +3 and m/z 1054.65 +2 , respectively. No evidence for occupation of this glycosylation site was found. Multiple sequence alignment of JBM sequence with various acidic α-mannosidases is represented in Supplementary data, Figure S6 . (Herscovics 1999) , and therefore, a large number of these enzymes have been well characterized from various organisms as two distinct classes of enzymes. Compared with reports available on mammalian and other animal species, only few plant α-mannosidases of both the classes are characterized biochemically and to lesser extent at molecular level. Among these the JBM from a legume is biochemically well characterized and widely used, but no reports on the detailed molecular characterization of the enzyme. In the present study, we describe the primary sequence, subunit intersection, disulfide linkage arrangements as well as N-glycosylation of JBM.
The overall amino acids identified in JBM are 981 of which 959 amino acids were determined by manual interpretation of fragment ion spectra of peptides and glycopeptides derived from various proteases. The larger subunit contains 562 amino acids (22 amino acids were not identified) and the smaller one has 419 amino acids. Intrapeptide disulfide linkages are present in both the larger and smaller subunits ( Figure 1A ). The absence of disulfide bridges between the two subunits suggests that the subunit interaction is non-covalent. Consistent with earlier findings (Howard et al. 1998) , we also identified peptide sequence QIDPFGHSAVQGY in tryptic and chymotryptic digestions, which contains aspartic acid (D 145 ), which has been demonstrated as catalytic nucleophile in JBM (Howard et al. 1998) and is characteristic of GH 38 α-mannosidases. A similar sequence stretch containing the catalytic aspartic acid was identified in Dolichos lablab α-mannosidase (Gnanesh Kumar et al. 2013 (Figure 3) . The CID spectrum of the peptide precursor ions comprising H 335 , H 336 , D 337 , and T 342 together with the corresponding fragmentation scheme is depicted in Supplementary data, Figure S7 . It is interesting to note that active site amino acid Y 625 is located in the smaller subunit (upon SDS-PAGE), suggesting that the integrity of both subunits is essential for the enzyme to be active. Primary structure of Jack bean α-mannosidase An earlier study of the N-terminal sequence of the two SDS-PAGE-separated JBM subunits (Burrows and Rastall 1998) yielded the consistent sequence MKYNTGAGTVPEQLN for the larger subunit, which was also found in our study ). But the N-terminus analysis of the smaller subunit revealed the sequences SXTINIG; XQETINIGPDLKMSF, and we obtained full sequence stretch LSQKGETINIGPGDLKMSF (aa 563-581 ) at least in two different digests, including in-gel tryptic digestion of the smaller subunit. This suggests that our results are consistent with the earlier findings and this sequence stretch plays an important role in the subunit intersection of the protein. However, it is still uncertain whether the native protein is a single polypeptide and heating prior to SDS-PAGE causes the formation of two subunits or the subunits are hold each other by strong non-covalent interactions. To understand clearly more about this aspect, conformation studies in native form of the enzyme need to be carried out. The presence of identical subunits (homo dimer) has been reported for α-mannosidase from two closely related species Phaseolus vulgaris ( 110 kDa) (Paus 1977) and D. lablab ( 116 kDa) (Gnanesh Kumar et al. 2013 ). However, the tomato enzyme is a hetero tetramer with pair of 70 and 47 kDa subunits (Hossain et al. 2010) . The N-terminal sequence of smaller subunit identified in tomato α-mannosidase is different from that of JBM and in both active site amino acid tyrosine is located in the smaller subunit (Y 625 for JBM and Y 661 for tomato α-mannosidase) (Supplementary data, Figure S6 ). In mammals and other lower eukaryotes, the proteolytic processing of enzyme polypeptide into subunits is found to be consistent and cleavage occurs around the same sequence stretch (Tollersrud et al. 1997; Vandersall-Nairn et al. 1998) .
The use of non-specific proteases such as the thermolysin as well as mixture of trypsin/chymotrypsin followed by enrichment by ZIC-HILIC solid phase extraction (SPE) has proved to be very advantageous for the elucidation of the site-specific N-glycosylation of glycoproteins (Neue et al. 2011; Selman et al. 2011) . In view of these recent observations, we have used a similar strategy in the present study for N-glycan analysis. Three high-mannose type N-glycan structure viz. Man 8 GlcNAc 2 , Man 9 GlcNAc 2 and Glc 1 Man 9 GlcNAc 2 were observed for JBM (Supplementary data, Figure S5 ). Similar structures along with the corresponding peptide, QSADQSX 1 APASAFSQSHLFX 2 ISYSPPTESSIPPDK, in which X 2 is glycosylated asparagine residue, were reported by Kimura et al. (1999) . In contrast to this sequence where two proximal serine residues were observed (underlined), the peptide sequence derived from N-glycopeptide of thermolysin following Endo-β-N acetylglucosaminidase H (Endo H) digestion revealed the sequence FSQCHLFNISYCPPTESSLPDDKS (aa 439-462 ) ( Figure 4B and C) confirming the presence of two proximal cysteines (C 442 , C 450 ). The formation of a disulfide linkage around the N-glycosylation site bearing high-mannose type is an interesting structural feature which might be crucial for protecting N-glycan due to the fact that the enzyme itself is carrying its own substrate. It might also prevent the processing of high-mannose N-glycans by other enzymes present in endoplasmic reticulum and Golgi apparatus during maturation as well as accessibility to itself on these structures during transport and storage. The latter finding is corroborated by results reported by Kimura et al. (1999) who showed that treatment of JBM with reducing agents prior to Endo H-induced cleavage of the high-mannose oligosaccharide from the intact protein is required. Furthermore, a drastically reduced enzymatic activity was found after Endo H treatment, and thus, glycan appeared to be important for the activity. A similar structure was identified in bLAM (N 497 ) and such an N-glycosylation site with proximal cysteines residues is evolutionarily conserved in all acidic α-mannosidases reported so far in eukaryotes (Faid et al. 2006) . Sequence alignments around the glycosylation sites from various α-mannosidases confirmed the presence of such a site (Table I) , but the site occupancy with high-mannose N-glycans in other species, except for bLAM, is yet to be reported. This glycosylation site with proximal cysteines is not present in Golgi α-mannosidase II, another member of GH 38. The presence of paucimannose type N-glycan bearing xylose and fucose is a characteristic structural motif of plant vacuolar glycoproteins (Lerouge et al. 1998) . This N-glycan structure in its truncated form Man 1 (Xyl)GlcNAc 2 (Fuc), attached to N 312 with corresponding peptide sequence NAANQTWPLKIDDYFPY ADGR (aa ), has been reported earlier (Kimura et al. 1999) . Our results confirmed this structure at the same site ( Figure 5 ). This N-glycopeptide sequence derived from protease digests in the present study could be aligned with other data base annotated plant α-mannosidases and found that few plant enzymes possess this N-glycosylation site (Supplementary data, Figure S6 ). Recent studies by us of D. lablab α-mannosidase confirmed the presence of a paucimannose type (Man 3 (Xyl)GlcNAc 2 (Fuc)) N-glycan in peptide VNDFVAAALSQANITR (Gnanesh Kumar et al. 2013 ). This site is present in other plant acidic α-mannosidases listed except in JBM which was found to comprise the sequence VQNFLDAALTQAK (aa [242] [243] [244] [245] [246] [247] [248] [249] [250] [251] [252] [253] [254] ) with Lys 254 instead of Asn (Supplementary data, Figure S6 ). The lack of two terminal α-mannose residues in the paucimannose type glycan of JBM in contrast to D. lablab α-mannosidase (Man 3 (Xyl)GlcNAc 2 (Fuc)) suggests a possible auto hydrolytic activity of the enzyme which BS Gnanesh Kumar et al. might be due to the surface exposure of the sugar moiety. The smaller subunit was found to be non-glycosylated even though a potential N-glycosylation site is present at N 867 ( Figure 1A) .
Previously JBM was assigned to GH family 38 based on its mechanism of action (Howard et al. 1997) , inhibition by swainsonine (Kang and Elbein 1983) and the presence of catalytic nucleophile at the active site (Howard et al. 1998 ). The homology search of the complete sequence using Blastp confirmed that JBM is a member of GH family 38 and the site-specific N-glycan analysis revealed the presence of an evolutionarily conserved N-glycosylation site. However, crystal structure analysis of the JBM would further elaborate the conformation and orientation of subunits for participation in catalysis as well as position of N-glycans that are either protected or accessible to auto hydrolysis.
Materials and methods
Materials α-Mannosidase from Canavalia ensiformis (Jack bean), thermolysin and all solvents (high pressure (or high performance) liquid chromatography grade purity) were purchased from Sigma (Taufkirchen, Germany). Trypsin, chymotrypsin, GluC and Endo H were obtained from Roche Diagnostics GmbH (Mannheim, Germany). Biospin 6 columns, precision plus protein dual color standard, were from Bio-Rad (München, Germany). The ZIC-HILIC proteatips, 10-200 µL, sample prep kit was from dichrom GmbH (Marl, Germany). Zip tip C 18 pipette tips were purchased from Millipore (Billerica, MA).
Preparation of JBM sample for sequencing Aliquots of 750 pmol of JBM were reconstituted in 25 mM ammonium bicarbonate buffer by use of Biogel 6 spin columns according to the manufacturer's instructions. Aliquots of 250 pmol each were reduced by 10 mM DTT for 1 h at 56°C. Subsequently, the reduced samples were alkylated under exclusion of light in the presence of 55 mM iodoacetamide (IAA) at room temperature. Samples were reconstituted again in 25 mM ammonium bicarbonate buffer using Biogel 6 spin columns.
The reduced and alkylated samples were dried in vacuo and redissolved twice in water and dried. Finally, the sample was reconstituted in 20 µL of 25 mM ammonium bicarbonate. Prior to protease digestion, samples were thermally denatured at 95°C for 10 min. In another set of experiments, equal amounts of JBM were proteolyzed without reduction and alkylation. An aliquot of the proteolytic peptides was reduced in the presence of 1 mM DTT (56°C, 1 h) prior to mass spectrometric analysis.
Proteolytic digestion
Proteolysis was performed for both reduced and nonreduced samples by incubating with trypsin and chymotrypsin overnight at 37°C with a substrate-to-enzyme ratio of 25:1, thermolysin overnight at 65°C with a substrate-to-enzyme ratio of 12:1 and endoproteinase GluC overnight at 25°C with a substrate-to-enzyme ratio of 50:1. Subsequently, the digests were dried, redissolved twice in water and dried in vacuo.
Time dependent or limited proteolysis
Reduced and alkylated JBM (250 pmol) was redissolved in 40 µL of 25 mM ammonium bicarbonate buffer and thermally denatured at 95°C for 10 min. The samples were then incubated with 4 µL each of trypsin or chymotrypsin solution (0.1 µg/µL) at 37°C for 15, 30, 60 and 120 min, GluC solution (0.2 µg/µL) at 25°C for 15, 30, 60 and 120 min and thermolysin solution (1 µg/µL) at 65°C for 5, 10, 15 and 30 min, respectively. At each time point a 10 µL aliquot was withdrawn, 5 µL of acetic acid was added to terminate the digestion and finally the mixture was dried in vacuo.
Chemical proteolysis JBM (500 pmol) was reconstituted in deionized water and dried in vacuo as two aliquots. The samples were redissolved in 20 µL of deionized water and 20 µL of 25% acetic acid (Fenselau et al. 2011 ) and the mixture was incubated at 95°C for 2 and 4 h, respectively. Later samples were dried in vacuo and stored at −20°C.
SDS-PAGE and in-gel digestion of protein bands A 10% SDS-PAGE was prepared according to Laemmli (1970) . Twenty-five micrograms of JBM (desalted) was loaded on each lane after heating in sample buffer with DTT at 95°C or without heating in a sample buffer in the presence or absence of DTT. The gel was stained with Coomassie brilliant blue R 250 (0.1% in 40 mL of Methanol, 10 mL of acetic acid and 50 mL of water) and subsequently destained. The protein bands were prepared for in-gel digestion following the method of Shevchenko et al. (2006) . Briefly, the bands were excised from the gel, cut into smaller cubes and incubated with 500 µL of pure acetonitrile (ACN) for 10 min. After removing the ACN, 50 µL of 10 mM DTT solution was added and incubated at 56°C for 30 min. After cooling down the tubes, the supernatant was discarded and 500 µL of pure ACN was added followed by incubation for 10 min at ambient temperature. Fifty microliters of 55 mM IAA was added and the mixture was incubated for 20 min at ambient temperature under exclusion of light. The gel pieces were washed with pure ACN until they became white and shrunk. ACN was then removed and gel pieces were dried Primary structure of Jack bean α-mannosidase completely in vacuo. Trypsin and chymotrypsin in 25 mM ammonium bicarbonate buffer at a concentration of 25 ng/µL was added and incubated on ice bath for 30 min in order to saturate the gel pieces with protease solutions. Then additional buffer was added and incubation continued on ice bath for another 90 min. The gel pieces were covered with ammonium bicarbonate buffer and incubated overnight at 37°C. The proteolytic peptides were extracted by adding extraction buffer (5% formic acid (FA)/ACN 1:2 v/v) to each tube and incubating for 15 min at 37°C in a shaker. The supernatant was collected into a fresh tube, dried in vacuo and redissolved in aqueous 0.1% trifluoroacetic acid (TFA) for desalting using C 18 Zip tips.
Zip tip C 18 desalting
For desalting the Zip tip pipette tips were equilibrated five times with wetting solution ( pure ACN) and five times with equilibrating solution (0.1% TFA in water). The digested material dissolved in 0.1% TFA was loaded onto the tips. After washing 5-6 times with washing solution (0.1% TFA and 5% methanol in water), the peptides were eluted 6-7 times with elution solution (50% ACN and 0.1% TFA) and finally dried in vacuo. Endo H digestion JBM was digested with thermolysin as described in proteolytic digestion section. The dried samples were redissolved in 19 µL of 25 mM ammonium acetate buffer, pH 5.5, and incubated with 1 µL of Endo H corresponding to 5 mU overnight at 37°C. Subsequently, the samples were dried, redissolved twice in water and dried in vacuo.
MS and de novo sequencing of amino acids Nanoelectrospray mass spectrometry experiments were carried out using a quadrupole time-of-flight (Q-TOF) mass spectrometer (Micromass, Manchester, UK) in the positive ion mode (ESI(+)). A Z-spray atmospheric pressure ionization source was used, with the source temperature set to 80°C and a desolvation gas (N 2 ) flow rate of 75 l/h. Homemade nanospray capillaries were used, with the capillary tip set to a potential of 1.1 kV and a cone voltage of 40 V. For low-energy CID experiments, the (glyco) peptide precursor ions were selected in the quadrupole analyzer and fragmented in the collision cell using a collision gas (Ar) pressure of 3.0 × 10 -5 mbar and collision energies of 20-40 eV (E lab ). Proteolytic peptide ions were fragmented by CID and their amino acid sequences were deduced by evaluating the fragment ion series (mainly b-and y-type ions) observed in the corresponding CID spectra manually. Since the amino acids isoleucine (I) and leucine (L) are isobaric, they cannot be discriminated by means of low-energy CID experiments. Thus, they were-whenever possible-most likely assigned to as I or L based on appropriate data base homology comparisons. Similarly, the masses of glutamine and lysine differ only by 0.036 Da and are not unambiguously distinguishable with the Q-TOF instrument used. Thus, in general, amino acids exhibiting an increment mass of 128 Da are assigned to Q based on appropriate data base homology comparisons or K unless proved by a tryptic cleavage site. The protein sequence data reported in this paper will appear in the UniProt Knowledgebase under the accession number C0HJB3.
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